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Non-invasive EEG-based Brain-Computer Interfaces (BCI) can be promising for the motor
neuro-rehabilitation of paraplegic patients. However, this shall require detailed knowledge
of the abnormalities in the EEG signatures of paraplegic patients. The association of
abnormalities in different subgroups of patients and their relation to the sensorimotor
integration are relevant for the design, implementation and use of BCI systems in patient
populations. This study explores the patterns of abnormalities of movement related cortical
potentials (MRCP) during motor imagery tasks of feet and right hand in patients with
paraplegia (including the subgroups with/without central neuropathic pain (CNP) and
complete/incomplete injury patients) and the level of distinctiveness of abnormalities
in these groups using pattern classification. The most notable observed abnormalities
were the amplified execution negativity and its slower rebound in the patient group. The
potential underlying mechanisms behind these changes and other minor dissimilarities
in patients’ subgroups, as well as the relevance to BCI applications, are discussed.
The findings are of interest from a neurological perspective as well as for BCI-assisted
neuro-rehabilitation and therapy.
Keywords: EEG, movement related cortical potentials, spinal cord injury, central neuropathic pain, BCI
INTRODUCTION
Movement-related cortical potentials (MRCP) reflect brain
electrical activity related to the execution of overt or covert
movements. MRCP resulting from either imagery or attempt of
motor volition are often investigated in a cue-based paradigm
(MacKay and Bonnet, 1990; Ulrich et al., 1998). In paired cue-
based paradigms for Brain-Computer Interfaces (BCI), the user
is asked to prepare for a movement following the first cue and to
execute the movement following the second cue. The readiness
potential, which is the leading part of the MRCP and precedes the
movement execution, may be movement specific (Shibasaki et al.,
1980) when there is only one movement option, or may present
general preparation for an action (Walter et al., 1964) when there
are several choices for movements. Following the execution cue,
the MRCP comprises components known as premotor positivity
(Deecke et al., 1976; Castro et al., 2013), motor potential (Deecke
et al., 1969) and reafferent potential (Bötzel et al., 1997) related
to the kinesthetic feedback once the movement has occurred.
MRCPs are influenced by impairments of the sensory-motor
system. Castro et al. (2013) compared MRCPs in three subject
groups: healthy individuals who executed movement of the left
and right leg, healthy subjects who only prepared for the same
movements, and chronic complete spinal cord injured (SCI)
patients who imagined the same movements. They observed that
the amplitudes of the readiness potential and motor potential
were lower in SCI patients than in healthy subject executing
the movement, but were comparable between SCI patients and
healthy participants who only prepared for the movements. All
SCI patients had a complete injury with no preserved sensation
under the level of the injury, thus in that study it was not possible
to distinguish the effects of sensory and motor loss, specifically
complete/incomplete injury in the sensory pathways. Therefore,
our first research question is related to the role of sensory
information, which can be investigated in complete/incomplete
SCI subgroups.
A frequently overlooked co-morbidity of paralysis is Central
Neuropathic Pain (CNP), present in 40% of the SCI population,
equally affecting paraplegic and tetraplegic patients with complete
or incomplete injury (Siddall et al., 2003). CNP is a consequence
of an injury to the somato-sensory system (Haanpää et al., 2011),
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and as such it originates at the cortical level. Functional magnetic
resonance imaging (fMRI) studies showed that this type of pain
modulates the activity of the motor cortex (Gustin et al., 2010)
of both paralyzed “painful” limbs and non-paralyzed limbs. In
a recent study, Vuckovic et al. (2014) compared event-related
synchronization/desynchronization (ERD/ERS; Pfurtscheller
and Lopes Da Silva, 1999) in patients with paraplegia and CNP,
patients with paraplegia and no pain and healthy individuals
with no pain. Patients with CNP had strongest ERD in the
theta, alpha and beta bands, while ERD was less expressed in
healthy participants. Patients with no pain (PNP) had the weakest
ERD. However, it is not clear if the presence of CNP would
equally affect MRCP and ERD/ERS, as it is believed that the two
signal modalities have different origins (Babiloni et al., 1999;
Pfurtscheller and Lopes Da Silva, 1999). This raises our second
research question: the role of pain in MRCPs of SCI patients,
which can be studied in pain/no-pain SCI subgroups.
The role of abnormality patterns in MRCP is relevant in
BCI-rehabilitation applications. Recently a BCI system based
on MRCP was proposed and tested on healthy subjects and
stroke patients (Niazi et al., 2011, 2013; Xu et al., 2014a,b).
The MRCP was used in this system as a trigger signal (brain
switch) to control an external device, such as function elec-
trical stimulation (FES) or an active orthosis. This paradigm
was shown to promote activity-dependent cortical plasticity in
healthy subjects (Mrachacz-Kersting et al., 2012; Niazi et al., 2012;
Xu et al., 2014b) and stroke patients (Mrachacz-Kersting et al.,
2013). SCI patients with incomplete injury are ideal candidates
for a combined sensory-motor therapy, as the one proposed by
using the MRCP as brain switch. However, the characteristics
of MRCPs in these patients are not known yet and this infor-
mation is relevant for the design of a detector based on MRCP
waveforms. Hence, the implication on potential applications of
BCI for SCI patients is the third research question we will
address.
This study presents the initial step in developing an MRCP-
based BCI system for SCI patients. For this purpose, we investi-
gated the difference in MRCP morphology between SCI patients
and healthy subjects, as well as the unique features of MRCP in
sub-groups of patients with different degrees of CNP and scale
of impairment (complete or incomplete paralysis). Further, the
related issues for BCI rehabilitation are discussed.
METHODS
SUBJECTS
Eight healthy volunteers (HV) and 14 SCI patients, with either
complete or incomplete paralysis, participated in this study. The
neurological level of injury was determined using the Amer-
ican Spinal Injury Association (ASIA) Impairment Classifica-
tion (Marino et al., 2003). SCI patients were further classified
on the basis of presence or absence of CNP, below the level
of the injury. Inclusion criteria for patients with pain (PWP)
was that they were at least 1 year post-injury, were treated
for CNP for at least 6 months, had a pain level ≥5 on the
Visual Numerical Scale (VNS) and had the injury at level T1
or lower. Inclusion criteria for PNP were that they were at least
1 year post-injury, with injury at level T1 or lower. General
exclusion criteria for all three groups were age under 18 or over
55, existence of any other chronic or acute pain at the time
of the experiment, brain injury or other known brain condi-
tion that would influence EEG interpretation or would prevent
the patients from understanding the experimental task. Details
about the subjects’ self-reported information are presented in
Table 1.
Informed consent was obtained from all participants, and the
study protocol was approved by the University of Strathclyde
Ethical Committee for the HV group and the National Health
Service for Greater Glasgow and Clyde Ethical Committee for the
SCI group.
EXPERIMENT PROTOCOL
The participants were comfortably seated at a desk, at a distance
of approximately 1.5 m from the computer screen on which visual
instructions were provided. They were instructed to look at the
center of the screen and to perform motor imagery following
visual cues while minimizing eye movements. For each trial, at
t = −1 s a readiness cue (a cross +) appeared and would remain
for 4 s (Figure 1). At t = 0 s an initiation cue, presented as an
arrow, appeared next to the cross sign, for a duration of 1.25 s.
The arrow pointed either to the left, right or down, corresponding
to the motor imagery tasks of left hand waving (LH), right
hand waving (RH) and tapping with both feet (F), respectively.
The participants were asked to continue to perform imaginary
movements until the cross disappeared from the screen (3 s after
the initiation cue appeared). In total, 60 trials of each of the three
type of motor imagery were performed by each subject in one
session. The trials were divided in groups of 10 for each type
of imaginary movement (LH, RH and F). Sequences of motor
imagery tasks appeared in a random order and at random 3–5 s
intervals.
We instructed the participants to perform motor imagery, and
we asked them specifically to imagine, not to attempt movements.
However, it should be noted that while HV practiced motor
Table 1 | Patient information.
Nr Level of ASIA∗ Time after Pain VNS‡ Years with
injury injury pain
1 T5 A 7 7 7
2 L1 B 15 7 15
3 T6/T7 D 4 7 3
4 T6/7 B 25 10 24
5 T6 B N/A N/A N/A
6 T8 B 11 9 11
7 T12 B 33 6 4
8 T7 A 7 / /
9 T7 B 7 / /
10 L1 A 6 / /
11 T2 A 2 / /
12 T5 B 15 / /
13 T4 A 9 / /
14 T7 A 15 / /
∗ ASIA stands for the American Spinal Injury Association, whose impairment
classification was used to determine the neurological level of injury.
‡ VNS is Visual Numerical Scale, which was used for pain level assessment.
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FIGURE 1 | Experiment protocol. At t = −1 a cross appears on the screen,
indicating the participant should prepare for a motor imagery. One second
later, an arrow pointing to right, left or down, and the participant were asked
to perform a motor imagery of their right hand (RH), left hand (LH) or feet
(F) accordingly, till the cross disappear at t = 3 s. Afterwards there is a rest
period of 3–5 s, before the next trial begins.
imagery, SCI patients might have also attempted to move their
paralyzed limb.
A 61-channel EEG recording was performed with an EEG
device (Synamps2, Neuroscan, USA). The electrodes were placed
according to the standard 10-10 locations. EOG was recorded
from three channels around the right eye. EEG and EOG were
recorded with respect to the linked ear reference and the ground
was at AFz. In addition, EMGs were recorded from the right
and the left wrist extensor muscles and right foot dorsiflexor
using the bipolar inputs to the Synamps device. The purpose of
EMG recording was to check for the absence of any voluntary
movements when the subjects attempted motor imagery. The
sampling frequency was 1000 Hz. The electrode impedance was
kept below 5 k during all measurements.
SIGNAL PRE-PROCESSING
The EEG signal was down-sampled to 250 Hz and pre-processed
with a band-pass filter at 0.1–3 Hz (second order butter-worth),
followed by the large Laplacian filter of the respective central
channels (Cz and C3 for foot and right hand, respectively) and
eight second-nearest channels around them (Fz, FC1, FC2, C3,
C4, CP1, CP2, and Pz for foot, and F3, FC5, FC1, T7, Cz, CP5,
CP1, and P3 for right hand, respectively). This was done to reject
the common mode noise and thus increase the signal-to-noise
ratio (McFarland et al., 1997; Niazi et al., 2011). For each trial,
the segments between t = −2 s and t = 6 s, with respect to the cue
onset, were extracted as MRCP. All trials were visually inspected
to reject trials that were potentially corrupted by artifacts and
noise. All trials were of good quality and no trial needs to be
rejected.
STATISTICAL ANALYSIS OF MRCP MORPHOLOGY ACROSS SUBJECT
GROUPS
We performed the following three pair-wise analyses:
1. HVvs. SCI: healthy volunteers vs. all SCI patients independent
of the level of injury or the presence of pain (8 HV vs. 14 SCI);
2. PNP vs. PWP: SCI patients with no pain vs. SCI patients with
CNP (7 PNP vs. 7 PWP). Both PNP and PWP group contained
patients with complete and incomplete injury;
3. CP vs. IP: SCI patients with complete injury (ASIA A complete
loss of motor and sensory functions under the level of the
injury) vs. SCI patients with incomplete injury (ASIA B/C/D
with some sensations preserved under the level of the injury)
(6 CP vs. 8 IP). Both CP and IP groups contained patients with
and without pain.
In order to compare MRCP morphology between groups, a
Wilcoxon rank-sum test was utilized for statistical analysis. Three
comparisons were performed for each type of movement imagery.
The null hypothesis was that, for each type of movement within
each group, the MRCPs have the same average value at the same
temporal location. For each comparison, the entire 8 s long inter-
val was divided into 0.1 s long segments and statistical analysis
was performed between groups separately for the 80 segments of
each case. The statistical significance level was set to 0.05, with a
Holm-Boniferroni correction (Holm, 1979) applied (smallest p-
value was 0.05/80).
CLASSIFICATION OF MRCPs
Following the above statistical analysis, a two-class classification
was performed on MRCPs of each task (feet and right hand)
corresponding to the three pairs defined above, i.e., HV vs. SCI,
PNP vs. PWP, and CP vs. IP. The classification was performed
with a dimensionality reduction algorithm called locality perse-
vering projection (LPP; He and Niyogi, 2003; He et al., 2005),
followed by a k-nearest-neighborhood (kNN) classifier. LPP, a
manifold-based method, was demonstrated to be superior than
linear methods such as PCA and LDA when data have clear
nonlinear characteristics (He et al., 2005). LPP can preserve the
data structure in the original manifold when projecting data into
lower linear feature space, of which classic linear dimensional
reduction algorithm such as PCA or SVD is not capable. It was
previously used for MRCP detection, in which it outperformed
linear match filter method (Xu et al., 2014a). A five-fold cross-
validation was used to validate the classification accuracy. The
classifier was trained with randomly selected 4/5 of single-trial
MRCPs and the remaining 1/5 were considered as testing sets. The
LPP algorithm was used to project the training samples into a
lower dimensional space, while preserving its intrinsic structure
in its original manifold, as in Xu et al. (2014a). The reduced
dimension was chosen as 60% of the original data dimension,
which was proved to be optimal for MRCP detection (Xu et al.,
2014a). Next, the projected data in this LPP subspace were used to
train the classifier. In the subsequent testing step, testing samples
were projected into the LPP sub-space obtained through training,
which was then classified using the trained kNN into either class
of the pair (e.g., HV or SCI). The classification performance was
quantified with the classification accuracy, i.e., the percentage of
correctly classified trials with respect to the total number of testing
trials.
Aiming at investigating the temporal discriminant informa-
tion in the MRCPs among different groups, the classification was
not performed on the entire MRCP segments, but with processing
window of segments at different temporal location as well as
with different segment lengths. This process was done by sliding
the starting point of the processing window, from t = −2 s
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to t = 3 s (step size 0.1 s). At each starting point, the length
of the window also changed from 1 s to 3 s (step size 0.1 s).
As the movement imagery was performed until t = 3 s, it was
not practically useful to process signals 3 s after the movement
onset.
RESULTS
MRCP MORPHOLOGY
The MRCPs of foot imagery are compared for the subject groups
(i.e., HV vs. SCI, PNP vs. PWP, and CP vs. IP) in Figure 2. The
amount of MRCP segments is equal to the product of number
of trials and number of subjects. As stated in Section Experiment
Protocol, the number of trials is 60 for each type of task by each
subject. E.g., we had 8 HV and 14 SCI, the amount of segments
for HV and SCI is 480 and 840, respectively. The difference is
particularly pronounced for the case of HV vs. SCI. In general, the
amplitude of MRCP for the SCI group was significantly greater
than that for the HV group (peak-to-peak value: 5.6 ± 6.3 µV vs.
2.7 ± 3.4 µV). The CP group’s MRCP amplitude was also slightly
greater than the IP group, while there was only a small difference
in amplitude for PNP vs. PWP. The evoked responses following
the readiness cue (the “+” sign) and the initiation cue (arrows)
are clearly visible in all cases.
Period of general preparation for movement
During the period t = −1 s to t = 0 s, i.e., after the “+” appeared
and before the arrow appeared, SCI subjects had a significantly
larger positivity than HV subjects. This significant difference
lasted until −0.7 s, i.e., 300 ms after the appearance of the “+”
sign. This is an indication of altered (enhanced) response to a
movement related visual cue from the SCI patients. A significant
difference was found for the CP vs. IP group: CP patients had
larger visual-motor positivity than IP subjects. This result sug-
gested that complete loss of sensory information (CP group) from
the foot enhanced the potential, compare to subjects with some
remaining sensory input (IP group). These results imply that
the level of deafferentation is positively related to the magnitude
of visual evoked potentials. On the other hand, no statistical
significance was found in the PWP vs. PNP group, indicating that
presence of pain does not affect the magnitude of the preparation
potentials.
The visual-motor potential from motor imagery of the hand
at C3 during this period (Figure 3) was smaller in magnitude
compared with that of foot imagery at Cz. For HV vs. SCI groups,
similar to foot imagery, a difference was found around−0.7 s. The
difference did not reach statistical significance, probably because
it was much smaller both in amplitude and duration than in the
case of foot imagery. No statistically significant difference was
observed for the CP vs. IP group. Similar to the case of foot
imagery, no significant difference was found for PNP vs. PWP
group.
A difference at Cz between HV and PWP is because SCI had
stronger positivity at around t = −0.7 at Cz (painful limbs) than
they had at C3 which corresponds to a non-paralyzed limb. It is
true that we showed Cz forMI of legs and C3 forMI of right hand,
but we also checked that SCI has larger positivity at Cz than HV
FIGURE 2 | MRCP morphology and statistical comparison for large
Laplacian Cz (motor imagery of foot). The figures in the upper row present
the average MRCP from different groups (HV vs. SCI, PNP vs. PP, and CP vs.
IP). The thick horizontal lines indicate the portions in which statistically
significant difference was detected using the Wilcoxon rank-sum test with
Holm-Boniferroni correction. The p-values of the statistical tests were
presented in the lower row, with logarithm scale (logp). The dashed horizontal
line indicates the minimal significance level in the Holm-Bnifeernoi correction
procedure, i.e., log(0.05/80), since there were 80 simultaneous tests in each
case.
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FIGURE 3 | MRCP morphology and statistical comparison for large Laplacian C3 (motor imagery of right hand). The convention and legends are the
same as in Figure 2.
even for motor imagery of hands. For HV there does not seem
to be a difference between Cz and C3 in a period t = −1 s to
t = 0 s.
In summary, during this period of general preparation for
movement, the subjects did not knowwhat type of motor imagery
should be performed, so the visual-motor potential was not task-
specific. Therefore, the consistent results between foot imagery
and hand imagery, other than the overall magnitude difference,
are expected. This is particularly the case for HV vs. SCI group,
where significance was detected at this point for foot imagery.
While for hand imagery a distinct peak of the p-value existed, no
statistical significance could be established.
Period of movement specific-preparation and covert motor
execution
As presented in Figure 2, during the period of t = 0 s to t =
3 s of foot motor imagery, a statistically significant difference
can be noticed in all three pairs of comparisons. The largest
difference was observed between HV and SCI. SCI patients had
significantly larger amplitude of the positive peak at 300 ms. The
MRCP negativity of the SCI group was also significantly larger
than for the HV subjects. The rebound from the negativity of the
HV group appeared around t = 1 s and then returned back to
baseline around t = 3 s; for the SCI group, the rebound was more
gradual, reaching the baseline at approximately t = 6 s without
a second positive peak. The main difference between PNP group
and PWP group was located between t = 0 s and t = 1 s, where
descending for the PWP group was faster than that for the PNP
group. Similarly the largest difference between CP and IP group
could be noticed in the first 0.5 s following the directional cue.
The CP group presented higher amplitude of the positive peak
and faster decreasing slope than IP group.
For hand imagery, the differences after the initialization cue
were much smaller than difference for feet imagery for all groups.
This is expected since none of the subjects had sensory or motor
impairments of the upper extremities. Still, there was a statistically
significant difference between HV and SCI groups in part of the
rebound phase (from 1.2 s to 2.3 s). However, there is no statistical
difference between PNP and PWP group and between CP and IP
group.
In summary, largest differences during the period following
the directional cue were noticed, as expected, between HV and
SCI group and they were present for both paralyzed and non-
paralyzed limbs. Smaller differences, both in magnitude and
duration, also existed between PWP and PNP group and for CP
and IP group, for motor imagery of feet. However no statistically
significant difference was observed for motor imagery of right
hand in either of the patient sub-groups.
CLASSIFICATION PERFORMANCE
Figure 4 illustrates the classification accuracies of the three
groups, as a function of the starting point and the length of
the processing windows. It was possible to classify between foot
imagery of the HV and SCI group with higher accuracy than the
two patient sub-groups (Figure 4). This is in accordance with the
largest statistical difference found between the MRCP of HV vs.
SCI, as presented in Figure 2.
The highest average accuracy of HV vs. SCI was 90.5% (at
window start = −1 s and window length = 3 s), while those of
PNP vs. PWP and CP vs. IP were 68.7% (at window start = −0.1 s
and window length = 1.4 s) and 65.1% (at window start = 0.2 s
and window length = 2 s), respectively.
In addition, the accuracies changed according to the window
start and length, and the patterns of this change are different
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FIGURE 4 | Classification accuracy for foot imagery. The color-bars
identify the classification accuracies of MRCP segments from three
pairwise groups, with onset from t = −2 s to t = 3 s, and length between
1 s and 3 s. These three figures from upper to bottom represent the results
of HV vs. SCI, PNP vs. PWP, and CP vs. IP, respectively.
among the three pairwise groups. For HV vs. SCI, the part with
accuracies ∼90% was located in the bottom right corner, where
the starting point was mostly before t = 0 s, and the length
was larger than 2.5 s. High classification accuracies (74%) were
achieved even when only a 1 s period of general preparation
(t = −1 s till t = 0 s) was used to classify between the two groups.
As the analysis time window moved towards the movement
specific period, shorter windows were sufficient to achieve high
classification accuracy, indicating largest difference between HV
and SCI during the period of task specific motor imagery. This
high classification performance resulted from the large difference
in MRCPs between HV and SCI, as shown in Figure 4.
Similar observation holds for motor imagery of the right
hand (Figure 5), indicating a general influence of paralysis on
the signal characteristics. This indicates that paralysis globally
changes preparation of movement, not restricted to the paralyzed
limb.
Nevertheless, the distributions of accuracies for the other two
groups are notably different. For imaginary movement of feet
the higher accuracy (>65%) part for PNP vs. PWP were limited
in a small strip around window onset t = 0 s, with window
length of 1.2–1.7 s. This strip with higher classification accu-
racy exactly matched the MRCP range with lower p-values, and
higher statistical significance in Figure 2. These results indicate
FIGURE 5 | Classification accuracy for right hand. The color-bars identify
the classification accuracies of MRCP segments from three pairwise
groups, with onset from t = −2 s to t = 3 s, and length between 1 s and
3 s. These three figures from upper to bottom represent the results of HV
vs. SCI, PNP vs. PWP, and CP vs. IP, respectively.
statistically significant difference between these two groups in
a period of general preparation and in the period of the early
preparation/initiation of the covert movement.
The area with accuracies higher than 60% for CP vs. IP was
also small, but the shape was evidently different from that of
PNP vs. PWP. It was an approximately horizontal strip where the
onset was around t = 0 s and the length ranges from 1.5 s to
2.5 s. This shows that preserved sensation do not considerably
influence MRCP in the general preparation of movement but it
does influence preparation for specific movement of a part of
the body with preserved sensation vs. part of the body with no
sensation.
The classification rate between PNP and PWP in motor
imagery of the right hand could reach 50% only if the period of
general preparation was included in the analysis. This indicates
that the presence of CNP influences the general preparation
of movement in the painful/non-painful and paralyzed/non-
paralyzed limb. In a study on the ERS/ERD of the same group
of patients (Vuckovic et al., 2014), a generalized influence of
pain on movement of painful and non-painful limbs was also
found.
For right hand between CP and IP group, classification accu-
racy was slightly higher for the period of general preparation, but
it has no clear pattern anywhere else.
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DISCUSSION
This study presented analysis of the difference inMRCPmorphol-
ogy of covert movement between HV and patients with spinal
cord injury, through direct statistical comparison and through
pattern classification. This has implications on performance of
BCI control systems based onMRCPwhich hasmostly been tested
on healthy individuals.
The aim of this study was to compare MRCP between HV and
patients during both general and movement specific preparation,
therefore a period of general focus (general non-specific move-
ment preparation) was also taken into account.
While HV presented a relatively homogeneous group, the
situation of chronic paraplegic patient is more complex. In the
current study, we further categorized the SCI patient volunteers
into two sub-groups, based on: the severity of paralysis and
presence of chronic CNP pain. By combining patients with respect
to different criteria, we investigated the influence of loss of motor
control (HV vs. SCI), loss of sensation (CP/IP), and presence of
CNP.
DISTINCTION BETWEEN HV AND SCI GROUPS
The largest differences inMRCPmorphology were found between
healthy and general mixed group of paraplegic patients during
covert movements of feet in all phases of MRCP. It is inter-
esting that significant difference was found even during the
period of visual stimuli. Presenting a general warning sign pro-
duced significant difference between the groups (with a peak
around 300–400 ms post-stimuli). This can be explained by
the combined visual-motor nature of this potential, especially
as the motor area is heavily involved in their generation but
do not show much sensitivity to motor task parameters at this
specific positive peak (Ulrich et al., 1998). It may be specu-
lated that this positivity is generated by the increased firing
rate of cortical neurons in motor areas, as in similar instruc-
tion delay experiments on primates that showed comparable
delays after the cues (Cisek and Kalaska, 2004). Higher ampli-
tude of the peak in SCI patients might be possibly related to
higher effort/concentration in SCI patients expecting to imag-
ine/attempt movement of a paralyzed limb. In SCI patients a
motor potential in period t > 0 s had significantly higher negative
peak with a rebound potential also called reafferent potential
(Castro et al., 2013)- being delayed for several seconds. The
amplitude of the rebound potential was also much lower in
SCI group, which is explained by its relation to the kinesthetic
feedback.
Statistically significant differences in MRCP morphology
between these two groups were also found for motor imagery of
the right hand, over electrode location C3, though to a smaller
extent. This demonstrated the global influence of paralysis on
modified EEG responses, and is in accordance with previous
studies looking into either spontaneous (Tran et al., 2004; Boord
et al., 2008; Vuckovic et al., 2014) or evoked brain activity
(Vuckovic et al., 2014) in SCI patients. While the larger neg-
ativity during imagination of movement in paraplegic patients
resembled the study by Lacourse (1999), there were many detailed
differences that may originate from different cue type or EEG
referencing.
DISTINCTION BETWEEN SCI SUBGROUPS
The analyzed group of patients was mixed with respect to the
severity of paralysis and presence of chronic pain, therefore the
results could not be conclusive. Therefore we further compared
MRCP in patients with and without CNP. CNP is known to affects
the activity of the motor cortex (Vuckovic et al., 2014), thus
potentially influencing themorphology ofMRCPs. Assuming that
CNP is unrelated to the completeness of injury, patients with
complete and incomplete injury were mixed. Analysis showed
much smaller difference between patients with and without pain
than between healthy and general SCI population.
The effect of CNP
It is known that CNP equally affects patients with complete
and incomplete SCI (Siddall et al., 2003). A previous EEG study
by Vuckovic et al. (2014), performed on the same group of
volunteers, and the same experimental paradigm, demonstrated
a difference in brain response between SCI patients with and
without CNP, as well as between both groups of SCI patients and
able-bodied volunteers. Those differences were wide spread over
the sensory-motor cortex and were not restricted to imagination
of paralyzed, “painful” part of the body. The study was based
on ERD/ERS and was primarily interested in a time period after
presentation of the directional cue, in a period t = 0.4–2 s.
The MRCP results in the current study are therefore not in
accordance with the ERD/ERS analysis on the same patient group
(Vuckovic et al., 2014). While paralysis resulted in reduced ERD,
presence of CNP increased ERD. Therefore that study showed
larger difference in cortical response between patients with and
with no CNP than between patients with CNP and healthy
subjects. The differences were pronounced within the first 2 s after
presentation of the directional cue, while in the current study,
the difference in MRCP morphology was significant in a short
interval (0.3–0.6 s). This supports the idea of different origin
of ERD and MRCP, which has been reported in the literature.
The source of MRCP is related to the cerebellar-thalamus-cortical
pathway (Babiloni et al., 1999; Rektor et al., 2001), while ERD is
related to the thalamo-cortical feedback loops (Pfurtscheller and
Lopes Da Silva, 1999). Since CNP is known to be not related
to cerebellum activities (Vuckovic et al., 2014), the difference
in the neurophysiological origin of MRCP and ERD supports
the observed difference of MRCP and EDR with respect to the
presence/absence of CNP.
The effect of the completeness of injury
Finally patients’ MRCP were compared on the basis of the com-
pleteness of the injury, assuming that presence of CNP does not
have a large effect on MRCP. For MRCP measured over Cz for
motor imagery of feet, the largest difference was found in periods
of both general preparation and covert movement execution in
patients with complete injury.
Castro et al. (2013) compared MRCP in chronic paraplegic
patients with complete injury and in healthy subjects during
covert movement execution of left or right leg. Although in that
study larger MRCP could be noticed over electrode locations
C3, C4 and Cz, no difference was found when MRCP was aver-
aged over all electrodes. In the current study, we analyzed only
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electrode location where we expected largest MRCP. We also
preprocessed the signal using large Laplacian filter that might have
additionally enhances MRCP over these areas.
A general conclusion is that while both CNP and pres-
ence/absence of sensation affect the morphology of MRCP in
paralyzed limb, the factor that most strongly influencs the MRCP
is the lack of motor control, resulting in large difference between
healthy subjects and general SCI group.
IMPLICATIONS FOR BCI-REHABILITATION
Results ofMRCP classification supported themorphological anal-
ysis. In general the highest classification accuracy was found
in the time windows which corresponded to the time windows
of statistically significant difference between the groups. While
classification accuracy between able-bodied group and patients
exceeded 90%, classification between different patients groups
was not higher than 65%. This further supports the idea that for
MRCP-based BCI systems, paralysis is a factor that needs to be
considered as it has a strong influence on the MRCP morphology.
Therefore, the following issues should be seriously taken into
consideration when developing MRCP-based BCI, especially cue-
based BCI, for SCI patients.
Firstly, although the larger magnitudemight probably improve
the BCI performance in SCI patients, the prolonged rebound
should be treated carefully with a long interval between trials. On
the other hand, SCI PNP have weaker ERD than the able-bodied
volunteers (Vuckovic et al., 2014), resulting in reduced BCI clas-
sification accuracy (Pfurtscheller et al., 2009). This implies that
for SCI patients, BCI systems which relay on MRCP might have
better classification accuracy, with greater consistency among
patients.
Further, the lack of statistical difference of patient sub-groups
with the distinct peaks in the corresponding p-value curves
(lower panels of Figure 2) probably resulted from a much larger
variability of MRCP in patients (both within and between sub-
jects). This would affect the performance of BCI system for these
patients.
Although almost no significant difference was found in the
MRCP morphology between PWP and with no pain, chronic SCI
patients with CNP might experience worsening of pain during
prolonged MI practice (Gustin et al., 2010).
Finally, while it was the motor impairment (compared to
the remaining sensory function or presence of pain) that had a
considerable effect on the MRCP waveforms and can affect BCI
performance, the clinical practice and therapy is by no means
independent from these factors.
LIMITATIONS
The healthy group, which was comparable to the size of SCI
subgroups, was not large. As the magnitude of MRCPs for hand
was smaller than that of the foot task (see Figure 3), it would be
better to have more subjects to increase statistical power of the
analysis, so that statistical significance might be revealed in some
cases where no significance was detected in the current analysis.
Nevertheless, there were 60 trials for each type of task by each
subject, so we had hundreds of segments (e.g., 480 for HV and 840
for SCI) for statistical comparison. In fact, we did find significance
for HV vs. SCI for hand motor imagery (see Figure 3), but not for
SCI subgroups. Given the very large p-value for PNP vs. PWP and
CP vs. IP (only one peak is close to significance level), we believe
the likelihood of missing potential significant differences was not
large.
Other factors, besides the abnormal patterns in MRCP, could
also contribute to the BCI design. One of these factors that was
not discussed in this study is volitional inhibition (Logan, 1994),
which refers to the cortical involvement of suppression of on-
going voluntary movements. Even though previous studies found
that volitional inhibition activates motor cortexes (Coxon et al.,
2006; Mirabella et al., 2011; Mattia et al., 2012), it does not attract
much attention from the majority of BCI research community
(Mirabella, 2012). Recently, Ifft et al. (2012) attempted to decode
the volitional inhibition from brain signal, but there is still more
work leaving for BCI researcher to dig information from overt
movement as well as the volitional control (Fetz, 2007).
ACKNOWLEDGMENTS
We thank Dr. Purcell and Dr. Mclean for choosing participants
of the study and all participants. We also thank the reviewers for
their insightful comments. This work was supported financially
by the China Scholarship Council (Contract Nr. 201204910155).
This work has been partially supported by the MRC grant
G0902257/1, the Glasgow Research Partnership in Engineering,
and by NED University of Pakistan PhD scholarship.
The authors acknowledge the financial support by the German
Research Foundation and the Open Access Publication Funds of
the Göttingen University.
REFERENCES
Babiloni, C., Carducci, F., Cincotti, F., Rossini, P. M., Neuper, C., Pfurtscheller, G.,
et al. (1999). Human movement-related potentials vs desynchronization of EEG
alpha rhythm: a high-resolution EEG study. Neuroimage 10, 658–665. doi: 10.
1006/nimg.1999.0504
Boord, P., Siddall, P. J., Tran, Y., Herbert, D., Middleton, J., and Craig, A. (2008).
Electroencephalographic slowing and reduced reactivity in neuropathic pain
following spinal cord injury. Spinal Cord 46, 118–123. doi: 10.1038/sj.sc.3102077
Bötzel, K., Ecker, C., and Schulze, S. (1997). Topography and dipole analysis
of reafferent electrical brain activity following the Bereitschaftspotential. Exp.
Brain Res. 114, 352–361. doi: 10.1007/pl00005643
Castro, A., Díaz, F., and Sumich, A. (2013). Long-term neuroplasticity in spinal
cord injury patients: a study on movement-related brain potentials. Int. J.
Psychophysiol. 87, 205–214. doi: 10.1016/j.ijpsycho.2013.01.012
Cisek, P., and Kalaska, J. F. (2004). Neural correlates of mental rehearsal in dorsal
premotor cortex. Nature 431, 993–996. doi: 10.1038/nature03005
Coxon, J. P., Stinear, C. M., and Byblow, W. D. (2006). Intracortical inhibition
during volitional inhibition of prepared action. J. Neurophysiol. 95, 3371–3383.
doi: 10.1152/jn.01334.2005
Deecke, L., Grözinger, B., and Kornhuber, H. H. (1976). Voluntary finger move-
ment in man: cerebral potentials and theory. Biol. Cybern. 23, 99–119. doi: 10.
1007/bf00336013
Deecke, L., Scheid, P., and Kornhuber, H. H. (1969). Distribution of readiness
potential, pre-motion positivity and motor potential of the human cerebral
cortex preceding voluntary finger movements. Exp. Brain Res. 7, 158–168.
doi: 10.1007/bf00235441
Fetz, E. E. (2007). Volitional control of neural activity: implications for brain-
computer interfaces. J. Physiol. 579, 571–579. doi: 10.1113/jphysiol.2006.127142
Gustin, S. M., Wrigley, P. J., Siddall, P. J., and Henderson, L. A. (2010). Brain
anatomy changes associated with persistent neuropathic pain following spinal
cord injury. Cereb. Cortex 20, 1409–1419. doi: 10.1093/cercor/bhp205
Frontiers in Neuroengineering www.frontiersin.org August 2014 | Volume 7 | Article 35 | 8
Xu et al. MRCP in SCI patients
Haanpää, M., Attal, N., Backonja, M., Baron, R., Bennett, M., Bouhassira, D., et al.
(2011). NeuPSIG guidelines on neuropathic pain assessment. Pain 152, 14–27.
doi: 10.1016/j.pain.2010.07.031
He, X., and Niyogi, P. (2003). Locality preserving projections. NIPS 16, 153–160.
He, X., Yan, S., Hu, Y., Niyogi, P., and Zhang, H.-J. (2005). Face recognition using
laplacianfaces. IEEE Trans. Pattern Anal. Mach. Intell. 27, 328–340. doi: 10.
1109/tpami.2005.55
Holm, S. (1979). A simple sequentially rejective multiple test procedure. Scand. J.
Stat. 6, 65–70.
Ifft, P. J., Lebedev, M. A., and Nicolelis, M. A. L. (2012). Reprogramming move-
ments: extraction of motor intentions from cortical ensemble activity when
movement goals change. Front. Neuroeng. 5:16. doi: 10.3389/fneng.2012.00016
Lacourse, M. (1999). Cortical potentials during imagined movements in individ-
uals with chronic spinal cord injuries. Behav. Brain Res. 104, 73–88. doi: 10.
1016/s0166-4328(99)00052-2
Logan, G. D. (1994). “On the ability to inhibit thought and action: a users’ guide
to the stop signal paradigm,” in Inhibitory Processes in Attention, Memory and
Language, eds D. Dagenbach and T. H. Carr (San Diego: Academic Press),
189–239.
MacKay, W. A., and Bonnet, M. (1990). CNV, stretch reflex and reaction time
correlates of preparation for movement direction and force. Electroencephalogr.
Clin. Neurophysiol. 76, 47–62. doi: 10.1016/0013-4694(90)90057-q
Marino, R. J., Barros, T., Biering-Sorensen, F., Burns, S. P., Donovan, W. H., Graves,
D. E., et al. (2003). International standards for neurological classification of
spinal cord injury. J. Spinal Cord Med. 26, S50–S56.
Mattia, M., Spadacenta, S., Pavone, L., Quarato, P., Esposito, V., Sparano, A., et al.
(2012). Stop-event-related potentials from intracranial electrodes reveal a key
role of premotor and motor cortices in stopping ongoing movements. Front.
Neuroeng. 5:12. doi: 10.3389/fneng.2012.00012
McFarland, D. J., McCane, L.M., David, S. V., andWolpaw, J. R. (1997). Spatial filter
selection for EEG-based communication. Electroencephalogr. Clin. Neurophysiol.
103, 386–394. doi: 10.1016/s0013-4694(97)00022-2
Mirabella, G. (2012). Volitional inhibition and brain-machine interfaces: a manda-
tory wedding. Front. Neuroeng. 5:20. doi: 10.3389/fneng.2012.00020
Mirabella, G., Pani, P., and Ferraina, S. (2011). Neural correlates of cognitive control
of reaching movements in the dorsal premotor cortex of rhesus monkeys.
J. Neurophysiol. 106, 1454–1466. doi: 10.1152/jn.00995.2010
Mrachacz-Kersting, N., Kristensen, S. R., Niazi, I. K., and Farina, D. (2012). Precise
temporal association between cortical potentials evoked by motor imagination
and afference induces cortical plasticity. J. Physiol. 590, 1669–1682. doi: 10.
1113/jphysiol.2011.222851
Mrachacz-Kersting, N., Niazi, I. K., Jiang, N., Pavlovic, A. M., Radovanovic´, S.,
Kostic, V., et al. (2013). “A novel brain-computer interface for chronic stroke
patients,” in Converging Clinical and Engineering Research on Neurorehabilita-
tion, eds J. L. Pons, D. Torricelli and M. Pajaro (Heidelberg: Springer Berlin),
837–841.
Niazi, I. K., Jiang, N., Jochumsen, M., Nielsen, J. F., Dremstrup, K., and
Farina, D. (2013). Detection of movement-related cortical potentials based on
subject-independent training. Med. Biol. Eng. Comput. 51, 507–512. doi: 10.
1007/s11517-012-1018-1
Niazi, I. K., Jiang, N., Tiberghien, O., Nielsen, J. F., Dremstrup, K., and Farina, D.
(2011). Detection of movement intention from single-trial movement-related
cortical potentials. J. Neural Eng. 8:066009. doi: 10.1088/1741-2560/8/6/066009
Niazi, I. K., Mrachacz-Kersting, N., Jiang, N., Dremstrup, K., and Farina, D.
(2012). Peripheral electrical stimulation triggered by self-pace detection of
motor intention enhances motor evoked potentials. IEEE Trans. Neural Rehabil.
Syst. Eng. 20, 595–604. doi: 10.1109/tnsre.2012.2194309
Pfurtscheller, G., Linortner, P., Winkler, R., Korisek, G., and Müller-Putz, G.
(2009). Discrimination of motor imagery-induced EEG patterns in patients
with complete spinal cord injury. Comput. Intell. Neurosci. 2009:104180. doi: 10.
1155/2009/104180
Pfurtscheller, G., and Lopes Da Silva, F. H. (1999). Event-related EEG/MEG
synchronization and desynchronization: basic principles. Clin. Neurophysiol.
110, 1842–1857. doi: 10.1016/s1388-2457(99)00141-8
Rektor, I., Bareš, M., and Kubová, D. (2001). Movement-related potentials in the
basal ganglia: a SEEG readiness potential study. Clin. Neurophysiol. 112, 2146–
2153. doi: 10.1016/s1388-2457(01)00662-9
Shibasaki, H., Barrett, G., Halliday, E., and Halliday, A. M. (1980). Components
of the movement-related cortical potential and their scalp topography. Elec-
troencephalogr. Clin. Neurophysiol. 49, 213–226. doi: 10.1016/0013-4694(80)
90216-3
Siddall, P. J., McClelland, J. M., Rutkowski, S. B., and Cousins, M. J. (2003). A
longitudinal study of the prevalence and characteristics of pain in the first
5 years following spinal cord injury. Pain 103, 249–257. doi: 10.1016/s0304-
3959(02)00452-9
Tran, Y., Boord, P., Middleton, J., and Craig, A. (2004). Levels of brain wave activity
(8–13 Hz) in persons with spinal cord injury. Spinal Cord 42, 73–79. doi: 10.
1038/sj.sc.3101543
Ulrich, R., Leuthold, H., and Sommer, W. (1998). Motor programming of
response force and movement direction. Psychophysiology 35, 721–728. doi: 10.
1111/1469-8986.3560721
Vuckovic, A., Hasan, M. A., Fraser, M., Conway, B. A., Nasseroleslami, B., and
Allan, D. B. (2014). Dynamic oscillatory signatures of central neuropathic pain
in spinal cord injury. J. Pain 15, 645–655. doi: 10.1016/j.jpain.2014.02.005
Walter, W., Cooper, R., Aldridge, V. J., McCallum, W. C., and Winter, A. L. (1964).
Contingent negative variation: an electric sign of sensori-motor association
and expectancy in the human brain. Nature 203, 380–384. doi: 10.1038/203
380a0
Xu, R., Jiang, N., Lin, C., Mrachacz-Kersting, N., Dremstrup, K., and Farina,
D. (2014a). Enhanced low-latency detection of motor intentions from eeg for
closed-loop brain-computer interface applications. IEEE Trans. Biomed. Eng. 61,
288–296. doi: 10.1109/tbme.2013.2294203
Xu, R., Jiang, N., Mrachacz-Kersting, N., Lin, C., Asín, G., Moreno, J. C., et al.
(2014b). A closed-loop brain-computer interface triggering an active ankle-foot
orthosis for inducing cortical neural plasticity. IEEE Trans. Biomed. Eng. 61,
2092–2101. doi: 10.1109/tbme.2014.2313867
Conflict of Interest Statement: The authors declare that the research was conducted
in the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.
Received: 13 May 2014; accepted: 13 August 2014; published online: 27 August 2014.
Citation: Xu R, Jiang N, Vuckovic A, Hasan M, Mrachacz-Kersting N, Allan D, Fraser
M, Nasseroleslami B, Conway B, Dremstrup K and Farina D (2014) Movement-related
cortical potentials in paraplegic patients: abnormal patterns and considerations for
BCI-rehabilitation. Front. Neuroeng. 7:35. doi: 10.3389/fneng.2014.00035
This article was submitted to the journal Frontiers in Neuroengineering.
Copyright © 2014 Xu, Jiang, Vuckovic, Hasan, Mrachacz-Kersting, Allan, Fraser,
Nasseroleslami, Conway, Dremstrup and Farina. This is an open-access article dis-
tributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.
Frontiers in Neuroengineering www.frontiersin.org August 2014 | Volume 7 | Article 35 | 9
